ABSTRACT: This paper studies the wetting properties of seven phosphonium cation-based ionic liquids: trihexyltetradecylphosphonium bis (2,4,4-trimethylpentyl) 
INTRODUCTION
Ionic liquids (ILs) are attracting recent research interest as potential candidates for discovering clean technologies 1−3 due to their unique properties such as low melting temperature, nonflammable behavior, high thermal stability, near-zero vapor pressure, wide electrochemical window, large liquid range, high ionic conductivity, and a highly adjustable solvating capacity for both polar and nonpolar compounds. Evaluating the physicochemical properties of these molten salts is essential to guarantee the use of such compounds in a broad range of applications. 4−7 An accurate design of industrial processes based on ILs can only be achieved when their physicochemical properties are well-known. Therefore, it is important to measure these properties in order to improve their characterization, not only for designing but also for developing correlations either between these properties or with performance parameters. 8 One of the main advantages of working with ILs is the possibility of easily adapting their properties with small variations in the chemical composition, thus having a huge potential for engineering applications. 2 This fact may be used as a tool for self-tuning the ILs with multiple and useful application possibilities by changing physicochemical properties, such as density, melting point, viscosity, conductivity, or surface tension. 9 For instance, water miscibility of ILs is usually controlled by the anion, although the cation can also affect the hydrophobicity of the substance. Moreover, increasing either the size of the anion or the alkyl side chains of the cation leads to a decrease in polarity due to the spreading of negative charge. 10 Therefore, a study of the relationship between structure and physicochemical properties could enable designing ILs with tailored capabilities. 1 From the lubrication point of view, understanding the tendency of a liquid to spread on a solid surface is a very important factor affecting the performance of the lubricant. 11−13 Furthermore, thin hard physical vapor-deposited (PVD) coatings are also frequently used in a number of engineering applications. 12−20 Measuring surface tension and contact angle are a good way to evaluate wetting ability. 21 The surface tension (eq 1) can be divided as a sum of independent contributions named dispersive (d) and nondispersive (nd), with only dispersive interactions (determined using the geometric mean rule) occurring across the interface. 22 There-fore, the work of adhesion (W SL ) as depicted in eqs 2 and 3 can relate these dispersive interactions with the solid−liquid interfacial tension (γ SL ), linked with the contact angle (θ) through the Young equation (eq 4), as shown in Figure 1 , where total surface energy (γ SV ) and interfacial tension liquid− vapor (γ LV ) are usually expressed as γ S and γ L , respectively.
In order to obtain a unique contact angle for each threephase system using this equation, it was assumed that the surface is homogeneous and flat so the surface tension of the interfaces remains constant. 9 Merging the above eqs (eqs 1−4), it is possible to correlate the most important wetting properties: contact angle and surface tension. This eq (eq 5) is valid when both phases are nonpolar and may be a good estimate when at least one of them is nonpolar.
In addition to the contact angle and the surface tension, wettability can also be evaluated using the spreading parameter (SP), 12, 13, 20, 23 which represents the difference between the work of adhesion defined in eq 2 and the work of cohesion (W C ) within the liquid (eqs 6−7), defined as the work per unit area required to isothermally split a homogeneous liquid.
From eqs 4 and 5, a new eq (eq 8) that enables estimating the spreading properties using data from both liquid and surface was derived by Kalin and Polajnar.
12,13,20
The study of wetting properties for ILs (with the exception of imidazolium cation-based ILs) has been poorly investigated, 1 2.2. Wetting Properties. In order to carry out a proper thermophysical characterization, several properties related to the wettability of the studied ILs were analyzed. Surface tension of the ILs was measured following Du Nouÿ's platinum ring method 55 using a KSV Sigma 700 tensiometer (KSV Instruments Ltd., Finland) in the temperature range 20−80°C. The reported values were the average of at least 10 different measurements at each temperature and the standard deviations were less than 0.04 mJ/m 2 degrees in each case. According to the methodology described by Tadros et al., 56 contact angles of the ILs were calculated using sessile drops with a KSV CAM 200 goniometer equipped with a micrometer syringe. The drop expanded during the room temperature experiments in order to allow for measurement of dynamic advancing contact angles (θ A ), recorded from digital images taken at a fixed time interval (first 8 images were taken every half second and the following 30 every 6 s). The advancing contact angle was measured on both sides of the drop, and this methodology is usually performed to characterize solid surfaces. The reference plane that contains the three-phase line ( Figure  1 ) is located at the interphase, so the contact angle θ is calculated as an optimization parameter, using a Laplacian curve to fit the drop image from the contact point to a certain height of the drop. 57 The substrates used for these tests were: AISI 52100 steel discs (machined from annealed rod) with a hardness of 190−210 HV 30 and a surface finish (Ra) of 0.0489 μm and 3 alloy nitride coatings (TiN, CrN, ZrN) obtained by physical vapor deposition (PVD) on the same steel discs. Surface finish (Ra) was measured after the deposition process reached the following values: 0.0477 μm for TiN, 0.0474 μm for CrN, and 0.0487 μm for ZrN. All substrates used were cleaned before the wetting tests with acetone in an ultrasonic bath for 2 min and dried with air. The reported contact angles were the average of at least ten different points when the steady state was reached and the standard deviations were less than 0.7 degrees in each case.
2.3. Error Analysis. All experimental equipment used in this research was calibrated before carrying out each experimental series. After the tests, no appreciable deviation compared to standard substances was found; therefore, the inherent error was negligible. Moreover, all experimental data reported were the result of several runs in the same experimental conditions, adding the uncertainty as standard deviation to the average value and thus quantifying the magnitude of random error.
The propagation of individual uncertainties associated with the measured variables (throughout the different equations used) was determined from the law of propagation of uncertainty, with the general equation shown in eq 9. The Tables 7 and 8 .
3. RESULTS AND DISCUSSION 3.1. Surface Tension. Surface tension (γ) is a measure of the free energy of a minimum surface area at a boundary layer that separates liquid and vapor phases. Surface tensions of neat phosponium-based ILs are presented in Table 3 , adding the standard deviation (σ) from at least 10 measurements in each case to the surface tension (γ) and temperature (T) average values.
The basic thermodynamic relationship applied to the surface of a homogeneous liquid was analyzed using Gibbs free energy definition, 25 showing the surface tension linearly decreasing with temperature rise (eq 10).
The measured surface tensions (Table 4) were fitted to eq 10 where the y-intercept "a" can be read as the surface excess energy (E S ), and the slope "b" can be associated with the surface excess entropy (S S ). 10 In general, the surface tensions of the ILs were much smaller than water and higher than those of most volatile organic solvents. 3 With regard to the structure- Figure 3 plots the surface tension values of the phosphonium ILs studied versus the temperature, using all data available from the experimental measurements. Figure 4 shows the evolution of the contact angle during 28 different dynamic sessile drop tests (7 ILs on 4 substrates). In order to measure advancing contact angles, the drop formed was grown for about 180 s to ensure that the steady state was reached. Analysis of the contact angle evolution of seven ILs on all surfaces studied showed that [P 66614 From a surface point of view (Table 5) , high surface energy values are favorable for wetting a surface. Moreover, surfaces become more hydrophilic with increasing polar components, i.e., the contact angle of all ILs on TiN (Figure 4b ) is expected to be low due to high total and polar component values, provoking better wetting. 23 Although similar behavior would be expected for steel (Figure 4a ) due to its high polar component, the low value of the total energy negatively affects wettability. In the case of CrN surface (Figure 4c) . This fact occurs because both low values of polar and total components adversely affect wettability. Finally, it is possible to explain the similar trend of contact angle behavior on ZrN and steel surfaces (Figure 4d ,a, respectively) because of their surface energy intermediate behavior.
Contact Angle.
With the aim of complementing the results shown in Figure  4 , Table 6 shows the average steady state contact angle and the standard deviations for the ILs studied on the four surfaces (AISI 52100 steel, TiN, CrN, and ZrN).
Analyzing the obtained results for the most hydrophobic surface used in this work (ZrN), [P 66614 59 Since all surfaces are characterized by time-dependent contact angles, this property does not contain enough information about the solid−liquid interaction resulting in the inability to define the wetting properties. 12 Therefore, additional parameters are recommended in order to improve the understanding and explanation of wettability.
Polarity Fraction and SP.
From a lubrication point of view, the use of ILs as an additive to base oils is limited by their solubility. Therefore, the estimation of polarity related parameters of the ILs, like polarity fraction, can be useful in order to predict the solubility of ILs in base oils. In order to obtain this parameter, both components of the surface tension (polar and dispersive) were calculated. The dispersive component of the surface tension (γ L d ) was obtained from data of the seven ILs measured on the ZrN surface ( Table 5 ). The negligible polar (γ S nd ) component of the surface energy allows for using eq 5 or OWRK 60 (Owens−Wendt−Rabel− Kaelble) method. The polar or nondispersive component of surface tension was determined using the Fowkes 22 method (eq 1). The polarity fraction (PF) is defined as the ratio between the nondispersive or polar component (γ L nd ) and the total surface tension (γ L ). Table 7 summarizes the results obtained applying eq 1 and eq 5 for the ILs used in this study, while using eq 9 to obtain the combined uncertainty associated with each one of these calculated parameters.
As Figure 4 . These three ILs reached the steady state earlier than the other lubricants due to the higher obtained polar components for surface tension (γ L nd ). Although the polarity fractions were between 0.39 and 0.46, when compared with values for traditional polar liquids like water (0.70) and glycerol (0.47), the ILs used in this work can be considered as moderately polar. 10 Due to the similarity in the polarity fraction values, no conclusions can be made about the solubility of these ILs in base oils.
The nature of spreading is manifested in two completely opposite behaviors: spreading-wetting (time dependent contact angle and positive SP) or adhesion-wetting (constant contact angle, negative SP, no cases in this study). A negative value for the SP means that cohesion work between molecules within the ILs is greater than on the solid−liquid interface. 12, 13, 20 Therefore, lower values of SP indicate that a liquid will spread less easily over the surface. However, it is true that a timedependent contact angle has a positive SP, which occurred in all 28 IL-substrate combinations studied in this work (Table 8 and Figure 5 ), making the TiN surface much better than the others from a wetting point of view.
Analyzing the results obtained, it is possible to discern a trend for all surfaces studied: [P 66614 ][(iC8) 2 PO 2 ] and [P 66614 ][BEHP] had the highest values, thus having the best wettability on hydrophobic surfaces. Furthermore, the differences between ILs were more noticeable in the most hydrophobic surfaces (CrN and ZrN), thus making a comparison more difficult for the less hydrophobic one Table 7 . Polarity of the Ionic Liquids at 293 K The wetting parameters studied above are very important whenever a solid−liquid interface is present, which usually occurs in different applications. 12, 20 Although this scenario is not usually encountered in tribology, the study of wetting could be useful in order to properly design tribological contacts. 13 The tribological behavior of the same phosphonium-based ILs has been tested in a previous work.
5 [P 4442 ][DEP] presented the worst wetting properties on the steel surface (contact angle around 28°, E S = 31.11 mJ/m 2 , SP = 11.4 and 0.46 of polarity fraction), but the reactivity of the phosphate anion provided better friction reduction for this IL (CoF = 0.06) in comparison with the other four ILs (CoF > 0.07). Despite the fact that no critical relationship between wetting behavior and tribological performance with these specific ILs was found after making the comparison, wettability is desired (SP > 0) in order to achieve proper lubrication. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.iecr.6b00821. Previous works on wettability of ionic liquids (Table S1) ; images during the advancement of sessile drop on the steel and coated surfaces (Table S2 ). (PDF)
CONCLUSIONS
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